Axon guidance (pathfinding) wires the brain during development and is regulated by various attractive and repulsive cues. Semaphorin 3A (Sema3A) is a repulsive cue, inducing the collapse of axon growth cones. In the mammalian forebrain, the corpus callosum is the major commissure that transmits information flow between the two hemispheres, and contralateral axons assemble into well-defined tracts. We found that the patterning of callosal axon projections in rodent layer II and III (L2/3) cortical neurons in response to Sema3A was mediated by the activation of Rab5, a small guanosine triphosphatase (GTPase) that mediates endocytosis, through the membrane fusion protein Rabaptin-5 and the Rab5 guanine nucleotide exchange factor (GEF) Rabex-5. Rabaptin-5 bound directly to Plexin-A1 in the Sema3A receptor complex [an obligate heterodimer formed by Plexin-A1 and neuropilin 1 (NP1)]; Sema3A enhanced this interaction in cultured neurons. Rabaptin-5 bridged the interaction between Rab5 and Plexin-A1. Sema3A stimulated endocytosis from the cell surface of callosal axon growth cones. In utero electroporation to reduce Rab5 or Rabaptin-5 impaired axon fasciculation or caused mistargeting of L2/3 callosal projections in rats. Overexpression of Rabaptin-5 or Rab5 rescued the defective callosal axon fasciculation or mistargeting of callosal axons caused by the loss of Sema3A-Plexin-A1 signaling in rats expressing dominant-negative Plexin-A1 or in NP1-deficient mice. Thus, our findings suggest that Rab5, its effector Rabaptin-5, and its regulator Rabex-5 mediate Sema3A-induced axon guidance during brain development.
INTRODUCTION
A number of guidance cues are involved in axon pathfinding or fasciculation (1, 2) . Semaphorin 3A (Sema3A), originally designated as SemaD, SemaIII, or collapsin-1, induces growth cone collapse and axon repulsion in culture (3) (4) (5) and is one of the class III secreted semaphorins that affect axon guidance (6, 7) , neuronal migration (8) , axon-dendrite polarity (9) (10) (11) , and synapse formation (12, 13) . Genetic ablation of Sema3A in mice causes abnormal orientation of neuronal processes of the pyramidal neurons in the cerebral cortex and inappropriate projection of sensory afferents in the spinal cord (14, 15) and several abnormalities in peripheral nerve fasciculation (16) .
The role of Sema3A in growth cone guidance is believed to be mediated through a receptor complex comprising neuropilin 1 (NP1) as the ligandbinding subunit and Plexin-A1 as the signal-transducing subunit (17) (18) (19) (20) . NP1 mutant mice display malformation of the forebrain commissures (21) . Several intracellular molecules are involved in Sema3A-induced growth cone collapse or axonal repulsion (22) (23) (24) (25) . Most of these molecules contribute to Sema3A-induced repulsion through modulating cytoskeleton dynamics, and growth cone collapse is accompanied by a reduction in the area of growth cone plasma membrane. Additionally, Sema3A induces receptor endocytosis during growth cone collapse (26) , and asymmetric endocytosis mediates repulsive growth cone guidance (27) .
The Rab family of small monomeric G proteins (heterotrimeric guanine nucleotide-binding proteins) plays critical roles in various membrane trafficking events, including vesicle formation, transportation, docking, and fusion in eukaryotic cells (28, 29) . Among more than 70 mammalian Rabs, three Rab5 isoforms (Rab5a, Rab5b, and Rab5c) function primarily within the endocytotic pathway (30) , which mainly promotes homotypic early endosome fusion (31, 32) and increases motility of endosomes (33) and the rate of endocytosis (34) . Like other Rab proteins, Rab5 can be activated by guanine nucleotide exchange factors (GEFs), which trigger the exchange of guanosine diphosphate (GDP) for guanosine triphosphate (GTP) and are inactivated by guanosine triphosphatase (GTPase)-activating proteins (GAPs), which hydrolyze the bound GTP to GDP (35) . In neurons, Rab5-mediated endocytosis occurs within both somatodendritic and axonal domains (36) . Rab5-mediated internalization of synaptic a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors is associated with long-term depression (LTD) in hippocampal neurons (37) . Rab5-mediated endocytosis is also involved in the axonal retrograde transport pathway (38) , as well as in the migration of newborn neurons in the neocortex by modulating surface abundance of the cell adhesion molecule N-cadherin (39) . In addition, Rab5 activation inhibits neurite outgrowth in the rat pheochromocytoma cell line PC12 (40) . Rabaptin-5, a direct effector of Rab5, specifically interacts with GTPbound Rab5 and mediates membrane fusion during endocytosis (41) .
In the mammalian forebrain, commissural axons derived from specific cellular layers are usually assembled into well-defined tracts. The corpus callosum composed of callosal axons mainly emanating from layers II/III cortical (L2/3) neurons is the major commissure that transmits information flow between two hemispheres (42, 43) . The present study aimed to explore the mechanism through which Sema3A controls patterning of callosal axons, and specifically investigated the role of Rab5 in mediating Sema3A signaling during callosal axon tract development.
RESULTS

Rabaptin-5 interacts with Plexin-A1
Binding of semaphorin to the neuropilinplexin holoreceptor complex triggers activation of intracellular signaling mediated by the cytoplasmic domain of plexin (25) . To gain insights into the mechanisms of Sema3A-Plexin-A1 signaling, we used affinity purification and liquid chromatography with tandem mass spectrometry (LC-MS/MS) to identify proteins in neonatal rat upper-layer cortex homogenates that bound the cytoplasmic domain of Plexin-A1 (cytoPlexin-A1) fused with glutathione S-transferase (GST) (Fig. 1A) . LC-MS/MS analysis identified Rabaptin-5 as hit. As a control, 14-3-3 family of phosphoserine-binding proteins, which antagonizes semaphorin-induced repulsion (44) , was also in the list. Interaction between Plexin-A1 and Rabaptin-5 was further confirmed in immunoprecipitation and pulldown assays. Rabaptin-5 interacted with Plexin-A1 in homogenates from the rat upper cortex (Fig. 1B) . GST-cytoPlexin-A1, but not GST alone, pulled down exogenous Rabaptin-5 expressed in human embryonic kidney (HEK) 293 cells (Fig. 1C) . This interaction was direct, because GST-cytoPlexin-A1 pulled down affinity-purified hexahistidine (His6)-tagged Rabaptin-5 (Fig. 1D) . The relationships among Rabaptin-5, Plexin-A1, and Rab5 were determined in HEK293 cells that were cotransfected with hemagglutinin (HA)-tagged cytoPlexin-A1 and Rab5, with or without Rabaptin-5. Rabaptin-5 interacted with Plexin-A1 and Rab5b simultaneously, suggesting the formation of the complex composed of Plexin-A1, Rabaptin-5, and Rab5 ( Fig. 1E and fig. S1A ). More Rab5 were associated with Plexin-A1 in cells with ectopic Rabaptin-5 ( Fig. 1F and  fig. S1B ), indicating that Rabaptin-5 mediates the association between Rab5 and Plexin-A1.
Next, we determined the abundance of Rab5 during rat cortex development. We found that Rab5 was low at early developmental stages, increased from late embryonic stage (E17.5), peaked at around 2 to 3 weeks after birth, and declined thereafter ( fig. S2A ). This time course is coincidental with the period for the development and refinement of the callosal projections (43) . Examining regional distribution of Rab5 in the E17.5 rat brain, we found that Rab5 was present in the ventricular and subventricular zone, as well as in cortical plate (CP) layers II/III, which were marked by transcription factor special AT-rich sequence-binding protein 2 (Satb2) ( fig. S2B) (45, 46) . Rab5 abundance was greater in Satb2-positive (Satb2 (5, 47, 48) , we determined the responsiveness of L2/3 neurons to Sema3A stimulation. We found that shortly after Sema3A treatment (5 to 10 min), the association between Rabaptin-5 and Plexin-A1 was markedly increased (Fig. 1G and fig. S1C ). In line with this observation, a short treatment with Sema3A (5 min) increased the amount of Plexin-A1 that was colocalized with Rab5 in the axonal growth cones of L2/3 neurons before the appearance of growth cone collapse (Fig. 1, H and I) . Thus, Sema3A enhances the recruitment of Rab5 to Plexin-A1 in callosal neurons, likely through Rabaptin-5. Abundance of Rab5-GTP determined by pull-down using GST-R5BD in 3 DIV (days in vitro) L2/3 neurons treated with Sema3A (300 ng/ml) for the indicated time. Data are means ± SEM for the ratio of Rab5-GTP and total Rab5 from three experiments, normalized to control. *P < 0.05, **P < 0.01, ***P < 0.001, one-way ANOVA (analysis of variance) with Tukey HSD (honestly significant difference) post hoc test. a.u., arbitrary units. 
Sema3A signaling activates Rab5
The formation of the Plexin-A1-Rabaptin-5-Rab5 complex may facilitate the activation of Rab5 by Sema3A. We determined Rab5 activity in L2/3 neurons treated with Sema3A for different time periods by a pull-down assay using a GST-fused Rab5 binding domain of Rabaptin-5, hereafter referred to as R5BD, which specifically recognizes the GTP-bound active form of Rab5 (Rab5-GTP) (40, 49) . We found that Sema3A treatment markedly increased the abundance of Rab5-GTP, which peaked 20 min after Sema3A treatment (Fig. 2, A (Fig. 2F) . The interaction between Rabaptin-5 and Plexin-A1 may initiate the formation of a signaling platform that facilitates Rab5 activation by Sema3A. Given that the Plexin-A1-NP1 complexes form functional Sema3A receptors (20, 52) , we investigated the relationship between NP1 and Rab5 activity by analyzing the abundance of Rab5-GTP in NP1 mutant mice. We restricted NP1 deletion in dorsal telencephalic progenitors, by crossing NP1 (21) with Emx1-Cre transgenic mice (53) . We found that in the cortex and hippocampus of NP1 f/f ; Emx-Cre mice, Rab5 activity was markedly decreased compared with control NP1 f/f littermates ( Fig. 2 , G and H). Thus, NP1 is involved in Rab5 activation in the brain.
Rab5 mediates Sema3A-induced axonal growth cone collapse
Sema3A induces axonal growth cone collapse in various neuronal cell types, including sensory ganglion neurons and cortical and hippocampal neurons (3, (54) (55) (56) . In agreement with this, we found that axons of Satb2 + L2/3 neurons cultured for 3 DIV exhibited marked growth cone collapse after treatment with Sema3A, as reflected from increased percentage of collapsed growth cones (Fig. 3 , C and D) and decreased growth cone area (Fig. 3 , C and E). Growth cone volume was marked by GFP expressed by pSUPER plasmids transfected into cells. Next, we determined the role of Rab5 in Sema3A-induced growth cone collapse. Three selected siRNAs were effective in suppressing the abundance of Rab5b, in comparison to corresponding scrambled sequences (Fig. 3 , A and B), but had no effects on the abundance of several other Rabs, including Rab7, Rab8, or Rab10 ( fig. S5 , A to C). When transfected with pSUPER plasmids encoding one of two Rab5b siRNAs, the effect of Sema3A in inducing the axonal growth cone collapse was markedly attenuated (Fig. 3 , C to E). Transfection with Rab5b siRNA itself had no effect on mock-treated axonal growth cones (Fig. 3 , C to E). Thus, Rab5b is essential for Sema3A-induced axonal growth cone collapse of cortical callosal neurons. We predicted that overexpression of cytoPlexin-A1 may act as dominant-negative form through the competition with endogenous Plexin-A1 for intracellular binding proteins, such as Rabaptin-5. As expected, overexpression of cytoPlexin-A1 prevented growth cone collapse induced by Sema3A (Fig. 3 , C to E). To determine the role of Rab5 in axonal growth cone dynamics directly, L2/3 neurons were transfected with plasmids encoding Rab5b or Rabaptin-5 and analyzed for growth cone changes (Fig. 3F ). We found that the increased Rab5b or Rabaptin-5 caused a reduction in growth cone area and an increase in the percentage of axons without apparent growth cones (Fig. 3 , G and H). As a control, forced expression of Rab10 had no effect on the morphology of L2/3 axonal growth cones ( fig. S5 , D to F). These results support the conclusion that Rab5 activation leads to collapse of axonal growth cones.
Sema3A induces endocytosis from the plasma membrane in a Rab5-dependent manner Sema3A-induced growth cone collapse is associated with reduction in growth cone surface area (57, 58) and enhanced receptor endocytosis (26) . However, the underlying molecular mechanism is unclear. The activation of Rab5 by Sema3A prompted us to determine the involvement of Rab5 in Sema3A-induced membrane endocytosis. First, we used dextran conjugated to Alexa Fluor 555 (Alexa-dextran) to label endocytic vacuoles. Isolated neurons were transfected with GFP plasmid and then incubated with Alexadextran in the presence or absence of Sema3A. We found that Sema3A treatment markedly increased dextran uptake at the axonal growth cone (Fig. 4, A and B) , indicating increased endocytosis. This effect was attenuated in neurons transfected with siRab5b or cytoPlexin-A1 (Fig. 4, A and B) , suggesting a critical role of Rab5b and Plexin-A1 signaling in Sema3A-induced endocytosis during growth cone collapse. Next, the neuronal plasma membrane was labeled with a lipophilic styryl compound FM4-64, which can insert into the outer leaflet of the surface membrane and thus has been used to mark plasma membrane endocytic vesicles (59) . Similar to the result with dextran, Sema3A treatment increased endocytosis of FM4-64, in a manner dependent on Rab5b (Fig. 4, C and D) . Thus, Rab5 plays an important role in Sema3A-induced membrane endocytosis.
Sema3A restrains axonal growth through Rab5
Induction of axonal growth cone collapse and membrane endocytosis may impair axonal growth and consequently prevent the projection of axons to surrounding regions containing repulsive cues, such as Sema3A. In addition to the CP, Sema3A is also distributed in regions encompassing the callosal axons in E17.5 rat brain tissue (Fig. 5A) . In particular, Sema3A signals were detected near the midline corresponding to regions containing the indusium griseum glia and the subcallosal sling (Fig. 5A) , both of which are considered sources of guidepost cues regulating midline crossing of callosal axons (60, 61) . We hypothesized that Sema3A might act as a "surround repulsion" cue that constrains the defasciculation of callosal axon bundles. To test this hypothesis, we took advantage of the stripe assay to generate Sema3A boundaries in vitro (62) . L2/3 neurons were transfected with either scrambled or Rab5b siRNA, and then plated on substrates with either Sema3A or control stripes of proteins. We noted that about half of control cells extended axons strictly restrained between Sema3A stripes, whereas the percentage of cells with this behavior was much lower when cultured on substrate with control stripes (Fig. 5, B and C) . The constraint role of Sema3A boundary was not effective for neurons transfected with siRab5b (Fig. 5, B and C) .
These results suggest that Rab5 is required for Sema3A repulsion of callosal axons.
Considering the enriched distribution of Sema3A receptors in callosal axons, we determined the responsiveness of L2/3 axons to locally applied Sema3A in a microfluidic chamber system (Fig. 5D) (63) . The presence of Sema3A provided an avoidance environment in the distal compartment, which prohibited the entrance of L2/3 axons (Fig. 5E ). The effect of Sema3A was further evident in the reduced percentage and length of axons in axon compartments in the presence of Sema3A (Fig. 5, F and  G) . However, when neurons were transfected with siRab5b, the inhibitory effect of Sema3A was completely prevented (Fig. 5, E to G) . These results suggest that Sema3A inhibits axon extension through Rab5 localized in axonal growth cones.
Rab5 is essential for fasciculation of cortical callosal axons
Growth cone collapse or the repellent activity of Sema3A is believed to play an important role in driving axon trajectories into fascicles (7). Indeed, defasciculation of periphery or central nervous system (CNS) axons has been observed in mutant mice with genetic ablation of Sema3A or its receptor NP1 (16, 21, 64, 65) . Given that Rab5 was activated by Sema3A FM4-64 (D) . The ratio between the intensity of dyes and GFP represents endocytosis activity. Data are means ± SEM of three experiments, normalized to control group. *P < 0.05, **P < 0.01, ***P < 0.001, two-way ANOVA with Bonferroni correction post hoc test.
and was involved in Sema3A-induced growth cone collapse, we determined the role of Rab5 in cortical callosal axon fasciculation. Because L2/3 neurons are born around E15.5 to E17.5 (43, 66) , we manipulated the activity or abundance of Rab5 in a subpopulation of rat progenitors in the ventricular zone at E15.5 by using in utero electroporation. At different postnatal stages, axon projections of the S1 (primary somatosensory cortex) and S2 (secondary somatosensory cortex) were analyzed ( fig. S6, A to D) . In the control group at P7, callosal axons were well organized into fascicles during and after crossing the midline (Fig. 6A) . However, with the expression of dnRab5b, callosal axons exhibited abnormal defasciculation in these contralateral trajectories (Fig. 6A ). In contrast to dnRab5b, overexpression of wildtype Rab5b decreased the relative width of callosal axon tracts (Fig. 6A) . Similar to dnRab5b, in utero electroporation with either siRab5b or combination of constructs encoding siRNAs against all three Rab5 isoforms-Rab5a, Rab5b, and Rab5c (Fig. 3, A and B, and fig. S7 , A to C)-induced the defasciculation of callosal axons (Fig. 6B) . The extent of defasciculation was reflected from increased width of axon tracts relative to that of the white matter during and immediately after crossing the midline (Fig. 6, C to F) . In many cases, callosal axons in siRab5b animals deviated from the main bundle and even invaded the ventral parenchyma underneath the corpus callosum (Fig. 6G) . These results suggest that Rab5 activity controls callosal axon fasciculation.
A recent study has shown that several Rabs, including Rab5, are involved in multiple phases of neuronal migration through distinct endocytic pathways (39) . However, the defasciculation defects were unlikely caused by the impairment in neuronal migration, because although either increase or decrease of Rab5 abundance caused a delay in the migration of newborn neurons to the CP at P0 (figs. S7, D and F, and S8, A and B), these phenomena were not seen in P3 animals (figs. S7, E and G, and S8, C and D). We also determined the effects of Rab5 manipulations on the cell fate determination of newborn neurons. We found that increase, decrease, or inhibition of Rab5 had no effect on the differentiation of cortical neuronal precursors, as evidenced by the similar percentage of Satb2 + post-mitotic upper-layer neurons ( fig. S9, A and B) . Together, Rab5 plays a pivotal role in organizing the callosal axon bundles without affecting cell fate. (E to G) Axonal growth of L2/3 neurons transfected with Rab5b siRNA (#503) or scrambled siRNA into distal compartments without or with the presence of Sema3A (300 ng/ml) added at DIV4. Shown are representatives 48 hours after Sema3A application (E), percentage of axons that had crossed the channels (F), and average length of axons in distal compartment (G). Data are means ± SEM of three experiments. *P < 0.05, **P < 0.01, ***P < 0.001, two-way ANOVA with Bonferroni correction post hoc test. Scale bar, 100 mm.
Rabaptin-5 and Plexin-A1 are involved in callosal axon fasciculation
Given that Rabaptin-5 mediates Sema3A-Plexin-A1 signaling for Rab5 activation, we next investigated the role of Rabaptin-5 in callosal axon fasciculation. Similar to the effect of siRab5 or dnRab5, electroporation with Rabaptin-5 siRNA also increased the relative width of callosal axon tracts, whereas overexpression of Rabaptin-5 decreased the relative width (Fig. 7, A to F) . These results suggest that appropriate Rabaptin-5 abundance is critical for the maintenance of tight callosal axon bundles.
Next, we examined the role of Sema3-Plexin-A1 signaling in callosal axon fasciculation and the relationship with Rabaptin-5 and Rab5 in vivo. For this purpose, we electroporated E15.5 rat cortical progenitors with cytoPlexin-A1, which had been shown to be a dominant-negative form for Sema3A-induced growth cone collapse (Fig. 3, C to E) and membrane endocytosis (Fig. 4, A and B) . As expected, forced expression of cytoPlexin-A1 caused defasciculation of callosal axon bundles, as reflected from the increased width of axon tracts (Fig. 7, B , E, and F); this phenomenon was similar with that which resulted from the loss of function of Rab5 or Rabaptin-5. Notably, the axonal defasciculation caused by cytoPlexin-A1 expression was prevented by cotransfection with Rabaptin-5 (Fig. 7, B, E, and F) . A possible interpretation is that overexpressed Rabaptin-5 may scavenge the dominantnegative effect of cytoPlexin-A1 and thus enable the activation of Rab5 that controls axon fasciculation. Thus, Plexin-A1 signaling participates in constraining callosal axon bundles, probably through the Rabaptin-5-Rab5 system.
Rab5 and NP1 are important for proper patterns of callosal axon fasciculation
Having shown that the Rab5 activity is reduced in the NP1 f/f ; Emx1-Cre mice brains (Fig. 2, G and H) , we decided to determine patterns of callosal axon fasciculation in mice with NP1 knockout specifically in the S1/S2 regions, without or with Rab5 overexpression. For this purpose, E15.5 NP1 f/f mice were electroporated with Cre expression plasmid (ubiqutin-Cre-2A-GFP) or GFP, without or with Rab5b (Fig. 8A) . We found that callosal axon defasciculation was observed in Cre-electroporated NP1 f/f mice, and this defect was completely rescued by Rab5b expression (Fig. 8, A to C) . This result indicates again the involvement of Rab5, which acts downstream of the Sema3A signaling, in the bundling of callosal axons.
Rab5 and NP1 determine precise callosal contralateral axon projections
A recent study showed that Sema3A-NP1 signaling is critical for the topographic ordering of cortical axons within the corpus callosum, which determines homotopic contralateral projections (48) . The involvement of Rab5-mediated endocytosis in Sema3A signaling prompted us to determine the role of Rab5 in contralateral axon projections postnatally. We expressed GFP either alone or together with dnRab5b or wild-type Rab5b in L2/3 neurons of S1/S2 by in utero electroporation in E15.5 embryos. At P14, electroporated mouse brains were sectioned coronally and examined for callosal axon projections. Consistent with previous studies (43, 67), we found that most of the GFP-labeled S1/S2 axons projected to corresponding contralateral S1 and S1/S2 border regions in P14 mice, that expression of dnRab5b increased homotopic contralateral S1/S2 projections, and that a notable fraction of S1/S2 axons projected to the retrosplenial agranular (RSA) and retrosplenial granular (RSG) cortex, more medial regions to the contralateral S1/S2 cortex (Fig. 9, A to D, and fig. S6B ). Indeed, RSA/RSG regions are mainly innervated by axons from thalamus, subiculum, and postsubiculum, as well as contralateral RSA/RSG (68, 69) . In contrast to Callosal axonal patterns of primary somatosensory cortex (S1) and secondary somatosensory cortex (S2) from P7 rats electroporated at E15.5 with indicated plasmids (dnRab5b or Rab5b, siRab5b#503 or siRab5b#503 plus siRab5a#2 and siRab5c#2; fig. S7 , A to C, shows specificity and efficiency of each) together with pCAG-IRES-EGFP, with DAPI indicating cortical layers and corpus callosum landmarks. Boxed areas show axonal tracts in the midline and contralateral side, 1400 mm away from the midline, with dashed white lines marking dorsal-ventral (DV) surfaces of the white matter and short white lines indicating borders of electroporated axonal bundles. Scale bar, 1000 mm. (C to F) Quantification of the ratio between width of electroporated axonal tracts and that of the entire white matter in the midline (C and E) or contralateral side (D and F) in each group, normalized with GFP intensity in electroporated S1 and S2 regions and that from control group set as 1. Data are means ± SEM from at least three rats in each group. *P < 0.05, **P < 0.01, ***P < 0.001, one-way ANOVA with Tukey HSD post hoc test. (G) Representative images for the effect of decreased Rab5b on callosal axons. Arrow indicates the invasion of axons into the ventral parenchyma underneath the corpus callosum. Scale bar, 1000 mm.
the effect of dnRab5b, expression of wild-type Rab5b slightly decreased the contralateral RSA/RSG projections, without an apparent effect on the homotopic S1/S2 projections (Fig. 9, A to D) . Thus, Rab5 plays an important role in proper targeting of callosal axons.
Next, we determined the role of NP1 in the contralateral projection of callosal axons. Embryos of NP1 f/f mice were in utero-electroporated with plasmids expressing GFP, either alone or together with the Cre expression construct (ubiqutin-Cre-2A-GFP) into S1/S2 at E15.5, followed by examination at P14. We found that Cre-electroporated NP1 f/f mice exhibited excessive contralateral axon projections, as reflected in increased contralateral projections to the homotopic S1/S2 regions as well as ectopic projections to the RSA/RSG regions (Fig. 10, A to D) . This (A and B) Callosal axonal patterns of S1 and S2 from P7 rats electroporated at E15.5 with indicated plasmids and pCAG-IRES-EGFP, with DAPI indicating cortical layers and corpus callosum landmarks. Borders of axonal tracts and the white matter are indicated by short and dashed white lines, respectively. Scale bar, 1000 mm. (C to F) Quantification for the ratio between the width of electroporated axonal bundles and that of the white matter in the midline (C and E) and contralateral side (D and F) of each group, normalized with GFP intensity in S1 and S2 regions. Data are means ± SEM from at least three rats in each group. *P < 0.05, **P < 0.01, ***P < 0.001, one-way ANOVA with Tukey HSD post hoc test (C and D) and two-way ANOVA with Bonferroni correction post hoc test (E and F). Callosal axons were analyzed at P7, with DAPI and Sema3A signals revealing the corpus callosum landmarks. Boxed areas show axonal tracts in the midline (a1, a3, a5) and contralateral side (a2, a4, a6), with short and dashed white lines indicating boundaries of electroporated axonal tracts and the white matter, respectively. Scale bar, 1000 mm. (B and C) Quantification for the ratio between the width of electroporated axonal tracts and that of the white matter in the corpus callosum midline (B) and contralateral side (C) in each group, normalized with GFP intensity in S1 and S2 regions. Data are means ± SEM of at least three mice in each group. ***P < 0.001, two-way ANOVA with Bonferroni correction post hoc test.
phenomenon phenocopied the effect caused by Rab5 inhibition. To further determine the relationship between NP1 and Rab5 in callosal axon projection, NP1 f/f embryos were electroporated with vectors expressing Rab5b, together with Cre and GFP constructs. Notably, expression of Rab5b rescued the defects caused by NP1 knockout (Fig. 10, A to D) . These results are in line with the notion that Rab5 acts downstream of Sema3A signaling in refining callosal axon projections.
DISCUSSION
Sema3A induces growth cone collapse, repels growing axons, or inhibits axon development (3, 10, 11, 14) . These activities are believed to confine axon projection pathways and drive axon trajectories to form fascicles (7, 25) . However, the with vehicle vector, ubiqutin-Cre-2A-GFP, or ubiqutin-Cre-2A-GFP plus Rab5b, together with pCAG-IRES-EGFP. P14 mice brains were coronally sectioned and stained for Sema3A and DAPI to mark cortical layers and the corpus callosum. Boxed areas in (A) indicate contralateral S1 and S2 (B) and RSA and RSG (C) regions, respectively. Scale bars, 1000 mm (A) and 500 mm (B and C). (D) Quantification for API. Data are means ± SEM from at least three mice in each group. *P < 0.05, **P < 0.01, ***P < 0.001, two-way ANOVA with Bonferroni correction post hoc test. Fig. 9 . Inhibition of Rab5 causes mistargeting of contralateral callosal axon trajectories. (A to C) E15.5 mouse embryos were electroporated with vehicle, Rab5b, or dnRab5b plasmid, together with pCAG-IRES-EGFP. P14 mouse brains at the approximate level of bregma −1.58 mm were coronally sectioned and stained for Sema3A and DAPI to mark cortical layers and the corpus callosum. Boxed areas in (A) indicate contralateral S1 and S2 (B) and RSA and RSG (C) regions, respectively. RSA, retrosplenial agranular cortex; RSG, retrosplenial granular cortex. Scale bars, 1000 mm (A) and 500 mm (B and C). (D) Quantification for callosal axon projection index (API), calculated with the following formula: (GFP intensity at indicated region/GFP intensity of total axon bundles in contralateral hemisphere) × 100. Data are means ± SEM from at least four mice in each group. *P < 0.05, **P < 0.01, one-way ANOVA with Tukey HSD post hoc test.
intracellular mechanism of Sema3A action remains unclear. Here, we show that Rab5, a member of the Rab family small GTPases, which plays critical roles in endosome biogenesis and transportation (29, 38, 70, 71) , acts downstream of Sema3A signaling in inducing growth cone collapse and sculpting axon projections. In different cellular contexts, a number of molecules have been shown to be involved in Sema3A signaling, including kinases (72-74), Rho family of small G proteins (22, 23, (75) (76) (77) , regulators for GTPases (24, 78) , and actin or microtubule-associated proteins (79) (80) (81) . Notably, Sema3A enhances endocytosis at sites of receptor-F-actin colocalization during growth cone collapse (26) , and inhibition of clathrin-mediated endocytosis abolishes growth cone repulsion (27) . It is unknown how Sema3A induces membrane endocytosis at axonal growth cones. By searching for proteins that interacted with Plexin-A1, the signal transduction subunit of the Sema3A holoreceptor, we identified Rabaptin-5, a direct effector of Rab5 that has been proposed to function as a molecular linker to coordinate endocytosis and recycling (41, 49, 82, 83) . We found that Sema3A stimulation induced the recruitment of Rab5 to the Plexin-A1 complex and activated Rab5 in a Rabaptin-5-dependent manner in L2/3 neurons. Like other Rab proteins, Rab5 activity and localization should be regulated by various regulators, including GEFs, GAPs, or effectors (28, 29) . As a Rab5 effector, Rabaptin-5 forms a complex with Rabex-5, which catalyzes nucleotide exchange on Rab5 (41, 49, 82, 83) . Thus, we proposed a model that Rabaptin-5, through its interactions with Plexin-A1, Rab5, and regulatory molecules (such as Rabex-5), mediates the formation of a signaling complex. Upon Sema3A stimulation, Rab5 in membrane domains is activated, which triggers biogenesis of endosomes and membrane endocytosis. In line with this hypothesis, Rabex-5 was associated with Rabaptin-5, and Sema3A-mediated Rab5 activation in axonal growth cones requires Rabex-5.
To study the functional relevance of Sema3A-Rab5 signaling in axon patterning, we determined short-term and long-lasting effects of Rab5 or Rabaptin-5. In short-term assays, we found that Rab5 was essential for Sema3A-induced growth cone collapse, membrane endocytosis, and axon growth inhibition. As one of the best-studied repulsive factors, Sema3A is believed to define permissive pathways for axon trajectories by acting as a "stop" or "corridor" signal (25) . However, the role of Sema3A signaling in axon bundling and projections of CNS remains elusive, although distribution of Sema3A and its receptors implicates this possibility (21, 47, 48, 61) . In agreement with this possibility, we found that the Sema3A protein distribution was complementary to Smi312, which marked the callosal axon bundles. Through the analysis of mice with NP1 knockout or expression of cytoPlexin-A1, which had been shown to be the dominant-negative construct for Sema3A signaling in growth cone collapse and membrane endocytosis, we found that loss of function of Sema3A signaling caused defasciculation and mistargeting of callosal axon trajectories. In line with the notion that Rab5 acts downstream of Sema3A signaling, inhibiting the function or decreasing the abundance of Rab5 phenocopied these axon bundling and targeting defects. Finally, the genetic relationship between Sema3A signaling and Rab5 activation was further consolidated by the findings that defasciculation of callosal axon bundles caused by cytoPlexin-A1 expression or NP1 knockout, or ectopic targeting of contralateral axon trajectories in NP1 knockout mice, was prevented by increased Rabaptin-5 or Rab5. These results indicate that Rab5 and Rabaptin-5 are in the downstream signaling of the NP1-Plexin-A1 holoreceptor and are in line with the findings that Rab5 is essential for the role of Sema3A in triggering growth cone collapse and inhibiting cortical axon growth.
Semaphorin signaling often facilitates de-adhesion (25) , and indeed, some cell adhesion molecules, such as L1 Ig superfamily adhesion molecule, are involved in semaphorin signaling and axon fasciculation (54, (84) (85) (86) .
It would be interesting to establish the relationship between Rab5-mediated membrane endocytosis and surface distribution of adhesion molecules, and the subsequent growth cone dynamics. Several other guidance cues or morphogens, including Slit2, ephrins, Netrin1, or Wnt5a, have been shown to regulate callosal axon pathfinding (87) (88) (89) (90) (91) (92) . However, Slit2, EphrinA2, or Netrin1 did not regulate Rab5 activity. As a coordinator and timer of membrane endocytosis (29) , Rab5 plays important roles in other neurological events, such as neocortical neuronal migration (39) and synaptic plasticity (37) . The Sema3A regulation of Rab5 may also function in these processes. How Rab5 coordinates neuronal morphogenesis, positioning, and distribution of functional proteins is an important issue to be addressed.
MATERIALS AND METHODS
Reagents and antibodies
Recombinant human Sema3A was from R&D Systems. Alexa Fluor 555 dextran [10,000 molecular weight (MW)], Alexa Fluor 555 phalloidin, and FM4-64 were from Invitrogen. DAPI was from Beyotime. Glutathione Sepharose 4B was from GE Healthcare, Ni-NTA agarose was from Qiagen, and protein A-or protein G-agarose was from Roche. Lipofectamine 2000 transfection reagent was from Invitrogen. Antibodies were from Abcam (His, Ki67, NP1, Plexin-A1, Rab5, Satb2, Sema3A), Aves Labs (GFP, fluorescein-labeled goat anti-chicken IgY), BD Biosciences Pharmagen (Rab5, Rab8), Cell Signaling Technology (Rab7), Covance (Smi312), Invitrogen (GFP, Alexa Flour 488 goat anti-rabbit IgG, Alexa Flour 555 goat anti-mouse IgG), Millipore (actin, horseradish peroxidase-conjugated goat anti-rabbit or mouse IgG), ProteinTech Group (Rab5a, Rab5b, Rab5c, Rab10), Santa Cruz Biotechnology (Rabaptin-5, Rabex-5), and Sigma (HA).
Cell culture, transfection, and treatments
Upper-layer cortical tissues were dissociated from E17.5 SD rat brains. The dissociated cortical neurons were cultured on poly-D-lysine (PDL)-precoated glass coverslips or dishes in the plating medium composed of 80% Dulbecco's modified Eagle's medium (DMEM), 10% fetal bovine serum (FBS), and 10% F12. After 24 hours, the culture medium was changed into neuronal basal medium containing 2% B27 and 1% L-glutamine. Dissociated neurons were transfected by electroporation using Amaxa Nucleofector device before plating. HEK293 cells were transfected by Lipofectamine 2000 following the manufacturer's instructions. The morphology of axonal growth cones of Satb2 + neurons was analyzed at 3 DIV. Sometimes, cultured neurons were treated with Sema3A (300 ng/ml).
Molecular biology and protein expression
Rat Rab5a, Rab5b, or Rab5c was amplified from rat complementary DNA (cDNA) using Pfu polymerase (Stratagene) and cloned into pKH3. Rab5b was also cloned into pCAGGS vector (93) . Rabaptin-5 was amplified from rat cDNA and cloned into pCS2+ or pET-32a vector. Cytoplasmic fragment of Plexin-A1 (1271 to 1894 amino acids) was amplified from the mouse Plexin-A1 cDNA (20) and subcloned into pKH3 or pGEX-2T vectors. The sequences for Rab5 siRNAs were as follows: 5′-GGAACGATACCA-CAGTTTA-3′ (siRab5b-503), 5′-GCGCATGGTGGAGTATGAA-3′ (siRab5b-686), 5′-GGCTCAGGCATATGCAGAT-3′ (siRab5b-707), 5′-GGCAAGCAAGTCCTAATAT-3′ (siRab5a#2), and 5′-TCATTGCAC-TAGCGGGTAA-3′ (siRab5c#2). The siRNA sequence targeting Rabaptin-5 was 5′-GCTTTAGGCTATAACTACA-3′ (50). The 19-mer oligonucleotides were annealed and cloned into pSUPER vector. As that shown previously (51), the siRNA oligos against Rabex-5 were synthesized by GenePharma, with the following sequence: 5′-GTTCAAGACATTGTTGAGA-3′. Rabaptin-5 and cytoplasmic fragment of Plexin-A1 (1271 to 1894 amino acids) were cloned into pET-32a and pGEX-2T, respectively, and expressed in Escherichia coli BL21 as His or GST fusion proteins, followed by affinity purification using Ni-NTA agarose (Qiagen) or Glutathione Sepharose 4B (GE Healthcare).
Immunoprecipitation and pull-down assay HEK293 cells were cultured in DMEM containing 10% FBS and transfected with Lipofectamine 2000. Cell lysates were prepared in lysis buffer [25 mM tris-HCl (pH 7.5), 40 mM NaCl, 30 mM MgCl 2 , 0.5% NP-40, 1 mM dithiothreitol (DTT), and cocktail protease inhibitors]. Immunoprecipitation was performed as described previously (94) . GST-R5BD (40) or GST-cytoPlexin-A1 was expressed in E. coli strain BL21 and affinity-purified using Glutathione Sepharose 4B beads. Cultured cortical neurons, HEK293 cells, or rat brain homogenates were lysed in the lysis buffer containing 25 mM Hepes (pH 7.4), 100 mM NaCl, 5 mM MgCl 2 , 0.1% NP-40, 10% glycerol, protease inhibitor cocktail, and 1 mM DTT. Lysates were clarified by centrifugation at 12,000 rpm for 15 min at 4°C. The supernatants were collected and incubated with beads coupled with GST-R5BD fusion proteins or GST-cytoPlexin-A1 proteins at 4°C overnight in the buffer containing 25 mM tris-HCl (pH 7.5), 40 mM NaCl, 30 mM MgCl 2 , 0.5% NP-40, 20 nM GTPgS, 1 mM DTT, and cocktail protease inhibitors. The beads were then washed with the lysis buffer and subjected to SDSpolyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotting. Band intensity was measured using National Institutes of Health ImageJ 1.47a software.
Endocytosis assay
For dextran endocytosis assay, cultured neurons at 3 DIV were incubated for 15 min at 37°C in the medium containing Alexa Fluor 555 dextran (10,000 MW, 2 mg/ml) or FM4-64 (5 mg/ml), without or with Sema3A, and then washed with phosphate-buffered saline (PBS) and fixed with 4% paraformaldehyde (PFA) for 20 min at room temperature in darkness for microscopic analysis.
Stripe coating and microfluidic culture system PDMS (polydimethylsiloxane) molds, which contained a series of 60-mmwidth parallel microgrooves separated by 100-mm gaps, were fabricated as described previously (62) and pressed onto PDL-coated coverslips; thus, the microchannels formed between the PDMS molds and the coverslips. Then, Sema3A (600 ng/ml), mixed with Alexa 555-conjugated bovine serum albumin (1:1000), was added to microchannels and incubated at 4°C overnight. The adsorbed protein stripes were formed when PDMS molds were removed, and were ready for cell plating.
The two-compartment microfluidic culture devices were prepared using soft lithography as reported previously (63) . PDMS microfluidic chips were fabricated by replica-molding-curing a liquid mixture of degassed silicone elastomer and curing agent (weight ratio 10:1) on the master silicon wafer, and then peeled off and cut into square chips with microgrooves (3 mm high, 10 mm wide, and 100 mm long) between two compartments (100 mm high, 1500 mm wide, and 8 mm long), and, after sterilization, were pressed onto PDL-coated coverslips. Cells were seeded into the chamber linking the somatodendritic compartment. To create repulsive environment, Sema3A (300 ng/ml) was added to the chamber linking the axonal compartment.
Immunostaining
Cultured neurons were washed with PBS, then fixed with 4% PFA for 20 min, and penetrated by treatment with 0.1% Triton X-100 for 15 min. Cells were incubated in primary antibodies at 4°C overnight, and subsequently fluorescence-labeled secondary antibodies. Working solution of DAPI or phalloidin was applied directly to the samples for 20 to 30 min at room temperature. For the staining with GST-R5BD, fixed neurons were incubated with purified GST-R5BD protein (0.5 mg/ml) at 4°C overnight, then washed with PBS, and incubated with primary antibody recognizing GST. Cryostat sections of brain slices were incubated in 0.3% Triton X-100 for 30 min and 10% goat serum in PBS for 1 hour at room temperature, followed by staining with primary antibodies at 4°C overnight and subsequent secondary antibodies for 2 hours at room temperature.
In utero electroporation
In utero electroporation was performed as described previously (93) . Briefly, interested plasmids (5 mg for rats and 3 mg for mice) mixed with Fast Green were injected into the lateral ventricle of the embryonic brains, which were then subjected to electroporation consisting of five square wave pulses with fixed amplitude (60 V for rats, 36 V for mice), a duration of 50 ms, and an interval of 1 s (ECM 830; BTX). Brains of postnatal pups at indicated times were sectioned, stained, and observed under fluorescent microscope. All animal usage followed guidelines by the Institutional Animal Care and Use Committee of Institute of Neuroscience, Chinese Academy of Sciences.
Confocal imaging and data analysis
Images of axonal growth cones were imaged by Nikon A1R laser scanning confocal microscopy with a Plan Apo VC 60× oil objective with numerical aperture 1.4. Brain slices were imaged by Neurolucida with Plan Apo 10× objective or Nikon A1R with a Plan Apo 10× objective. For colocalization analysis, the Pearson's correlation coefficient and % voxels of colocalization were obtained from both channels with ImageJ plugin "Colocalization analysis-colocalization threshold." Data analysis was performed with ANOVA with post hoc or Student's t test. Errors bars in graphs represent SEM.
SUPPLEMENTARY MATERIALS
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